This study compared rates of regional atrophy in Alzheimer disease (AD), frontotemporal dementia (FTD), and semantic dementia (SD). Cross-sectional studies have shown that different dementia syndromes are associated with different patterns of regional brain tissue loss. Rates of atrophy over time may be useful for differential diagnosis, and could be used to monitor disease progression, serving as an outcome measure for clinical trials. We studied patients with AD (n = 12), FTD (n = 13), SD (n = 20), and normal controls (n = 23) longitudinally with structural magnetic resonance imaging, using BRAINS2 software to measure frontal, temporal, and parietal lobe volumes. In FTD the rate of frontal lobe atrophy over 1 year was greater than in any other group, whereas SD showed the highest rate in the temporal lobes. Atrophy in these regions progressed twice as quickly in FTD and SD compared with AD. Atrophy was not significantly faster for AD in any brain region compared with the other groups. Regional atrophy over time was significantly faster in FTD and SD compared with AD, and the regions of greatest atrophy were specific for each syndrome. Measuring specific regions of cerebral volume changes by serial neuroimaging may serve as a useful biomarker outcome measure for clinical trials in neurodegenerative diseases.
M any studies have shown that specific dementia syndromes are associated with particular patterns of volume loss in the brain, usually reflecting the clinical features in that syndrome. In the case of behavioral-variant frontotemporal dementia (bv-FTD), the region of greatest abnormality is found in the frontal lobes, consistent with the behavioral and frontal/executive deficits that characterize this disease, whereas in semantic dementia (SD) the regions of greatest abnormality are in the anterior and inferior temporal lobes which correlates with the profound semantic deficits seen in these patients. [1] [2] [3] [4] [5] [6] [7] [8] These patterns are very different compared with the regions of tissue loss indicated in AD, which affects the medial temporal, posterior temporal, and parietal regions most severely. 9, 10 The prominent involvement in these regions is consistent with the memory, language, and visuospatial dysfunction characteristic of AD 2, 4, 11 as well at the pathologic evidence suggesting that the hippocampus is one of the earliest sites of involvement in AD. 12 In contrast to the well-established data on comparing dementias cross-sectionally, relatively little is known about how tissue loss in FTD and SD over time differs from the patterns seen with other dementias. 13 This is important because rates of change specific to a given pathology may have utility for differential diagnosis, and may be used to monitor disease progression, potentially providing an outcome measure for clinical trials. One study compared rates of whole brain atrophy and ventricular expansion with serial magnetic resonance imaging (MRI) in autopsied patients with AD, frontotemporal lobar degeneration, other neurodegenerative diseases, and controls, but did not look at specific regions of tissue loss. 14 The frontotemporal lobar degeneration group showed the highest whole brain atrophy rates, whereas AD atrophy rates were higher than controls, but similar to or lower than other diagnostic groups. 14 Several MRI studies have shown that hippocampal atrophy progresses over time in AD, providing a potential measure of disease progression. [15] [16] [17] A few serial magnetic resonance studies have examined longitudinal brain tissue loss in FTD and/or SD using techniques such as voxel-based mophemetry 7,18-20 and manual outlining. 21 As would be expected, these studies reveal that longitudinal change in FTD is most prominent in the frontal and temporal regions, 7, 21, 22 and some studies have identified changes more specifically in the medial and orbital frontal regions. 19 In SD, atrophy over time involves the temporal regions with some involvement of orbital and medial frontal regions and the insula. 20 All of these studies used morphometric procedures where patients' brains are reshaped to fit into a common atlas space. Although valid, such techniques are known to yield different results compared with more straightforward region-of-interest techniques where a relevant region is identified directly on each patient's brain and measured. 23 In addition, because they examine changes over the entire brain at a resolution of about 1 cm, the statistical power of these techniques is lessened by the number of comparisons being conducted in each analysis. Lastly, nearly all these studies compared volume changes in FTD and SD with that in controls, rather than other dementias.
The goal of this study was to compare rates of brain atrophy in FTD and SD with those in AD, as well as healthy controls. In contrast to the majority of prior studies, we used region-of-interest based techniques that do not involve reshaping the brain and we examined a limited number of regions based on a-priori knowledge of relevant regions for these dementias, including the frontal and temporal lobes for FTD and SD, and the parietal lobes for AD.
METHODS

Subjects
FTD (n = 13), SD (n = 20), AD (n = 12) patients, and normal controls (n = 23) were studied longitudinally with structural MRI for research purposes (Table 1 for demographic information). All subjects were evaluated at the University of California, San Francisco, (UCSF) Memory and Aging Center (MAC) by a team of experienced clinicians, including a behavioral neurologist or geriatric psychiatrist, a neuropsychologist, and a nurse. Research diagnoses of AD, FTD, and SD were made using established research criteria. 24, 25 Every attempt was made to obtain MRI scans 1 year apart. To be considered for the study, participants had to have at least 2 serial MRI scans at an interval of approximately 1 year. Mean Mini Mental State Examination of dementia subjects was 23.1 ± 7.0. Mean interval between scans was 14.0 months ± 6.9. There were no significant differences between the groups for education, sex, Mini Mental State Examination score (of dementia subjects), duration of symptoms (of dementia subjects, which was estimated from the caregiver's report upon initial evaluation), and interval between MRI scans. Controls were significantly older than AD and FTD patients.
Image Acquisition
MRI scans were obtained on a 1.5-T Magnetom VISION system (Siemens Inc, Iselin, NJ) equipped with a standard quadrature head coil. Structural MRI sequences included: (1) 2D FLASH MRI along 3 orthogonal directions, 3 mm thick slices, B 15 slices in each direction to obtain scout views of the brain for positioning subsequent MRI slices; (2) a double spin echo sequence (repetition time/echo time 1/echo time 2 = 5000/20/80 ms) to obtain proton density and T2-weighted MRIs, 51 contiguous axial slices (3 mm) covering the entire brain and angulated À 10 degree from the anterior commissure (AC)-posterior commissure (PC)line, 1.0 Â 1.25 mm 2 inplane resolution; and (3) volumetric magnetization prepared rapid gradient echo MRI (MPRAGE, repetition time/echo time/inversion time = 10/4/300 ms) to obtain T1-weighted images of the entire brain, 15 degree flip angle, coronal orientation perpendicular to the double spin echo sequence, 1.0 Â 1.0 mm 2 in-plane resolution and 1.5 mm slab thickness.
Image Processing
MRI were processed on Linux workstations using the BRAINS2 software package, which is developed and made available by the Mental Health-Clinical Research Center at the University of Iowa. 26 BRAINS2 provides an approach for automatic parcellation of the major lobes of the brain, based on the Talairach coordinate system. In contrast to morphometric techniques such as voxel-based morphometry, each participant's brain is analyzed in its native space. This technique involves applying the Talairach coordinate system to each subjects' brain, based on the location of the AC and PC, as well as the gross height, width, and length. 26 Regions of the Talairach grid are preassigned by the program to correspond to the major lobes of the brain, and so the lobes in each person's brain are identified based on the its location within the applied Talairach grid. The accuracy of this lobar parcellation method for measuring the targeted lobar volumes has been established by the developers using hand tracing as the gold standard 26, 27 and numerous studies have used this program to examine volume changes in the brain. [28] [29] [30] [31] [32] [33] [34] [35] Details of BRAINS2 processing are as follows.
First, the T1 weighted images are resampled to 1.0 mm 3 voxels and reoriented so that the anterior-posterior axis of the brain is realigned parallel to the AC-PC line and the interhemispheric fissure is aligned on the other 2 axes. Next, the outermost boundaries of the cortex, as well as the AC and PC, are identified to warp the Talairach grid 36 onto the current brain. The T2 and proton density weighted images are then realigned to the spatially normalized T1 weighted image using an automated image registration program. 37 Intracranial tissue is then classified into gray matter, white matter, and cerebrospinal fluid to identify brain versus nonbrain tissue, using information from the T1, T2, and proton density images. This is accomplished using the coregistered images and a discriminate analysis method based on automated training class selection, 38 which uses a Bayesian classifier approach based on discriminate analysis to reduce the variability in signal intensity across individual image sets and to correct for partial voluming. This step requires the manual tracing of venous blood, but is able to perform ''plug'' selection for grey matter, white matter, and cerebrospinal fluid automatically. The brain mask is then generated using a previously trained artificial neural network, one of the features of the BRAINS2 software package. Then, lobar volumes are calculated using the validated, automated Talairach-based method of regional classification (Fig. 1) . 26, 27 Tissue classification is visually checked. Because gray-white differentiation was not always accurate, and to increase the generalizability of the study, analyses for this study used whole lobes, including both grey and white matter. Final lobar identification by BRAINS2 was also visually inspected for each case. Major inaccuracy in lobar identification was not identified in any case, and there was no evidence of a systematic problem with lobar identification in any diagnostic group.
Although the technique is mostly automated, the initial stages for resizing of the Talairach grid require manual selection of the brain's boundaries and reorientation of the images. Interrater reliability for the implementation of these procedures in our laboratory was established by having 2 raters to complete the lobar identification procedure for 10 scans. The intraclass correlation coefficients across the 2 raters were from 0.98 to 0.99 for all lobar regions. Because the goal of this study was to assess longitudinal changes, all subjects served as their own controls, and correction for total intracranial volume was not required.
Statistical Analysis
Percent change in volume per 12 months was calculated using the following formula: [(time 2 volume À time 1 volume)/time 1 volume) Â (12/no. of months between scans). Annualized rates of change in lobar volumes were analyzed using mixed-model analysis of covariance (ANCOVA) with diagnosis as the grouping variable and with lobe and hemisphere (right vs. left) as within-subject variables. Age was included as a covariate in all analyses. Post hoc analyses for pairwise comparisons used the Tukey (Honestly Significantly Different) test. Table 2 shows the baseline volumes in each lobe for all groups. As would be expected, the FTD group had the smallest frontal lobes at baseline, whereas SD showed the smallest volumes in the temporal lobes. ANCOVA for the cross-sectional analysis revealed a main effect for lobe [F(3,189) = 45.80, P<0.001] and diagnosis [F(3,63) = 10.22, P<0.05], but not for hemisphere (P = 0.90). In addition, there was a significant diagnosis by lobe interaction [F(9,189) = 9.18, P<0.001]. This means that baseline lobar volumes are not consistent across diagnostic groups. The 3-way interaction of diagnosis by hemisphere by lobe was not significant (P = 0.14). Post hoc analyses revealed that differences were significant for FTD versus controls in the left frontal lobe and for FTD versus all other groups in the right frontal lobe. For SD, differences were significant versus controls in the right temporal lobe and versus controls and AD in the left temporal lobe. Baseline volumes were not significantly different between diagnostic groups in the parietal and occipital lobes. Table 3 displays annualized rates of atrophy (both as a percent of the baseline volume and absolute volume loss in cc 3 ) in patients with AD, FTD, SD, and in normal controls. Regions with the highest rates of atrophy are highlighted in bold for each group. In FTD and SD, longitudinal rates of change were largest in the regions that showed the smallest volumes in that group relative to the other groups at baseline. Specifically, FTD showed the greatest rate of change in the frontal lobes (6.3% on the left and 6.1% on the right), whereas SD showed the greatest volume loss in the temporal lobes (5.9% on the left and 4.8% on the right). As would be expected, the highest rate of parietal loss was found in the AD group (2.6% on the left and 2.2% on the right). The mixed-model ANCOVA revealed a significant main effect for diagnosis [F(3,63) = 7.76, P<0.001], but not for lobe (P = 0.81) or hemisphere (P = 0.50). The 3-way interaction of diagnosis by hemisphere by lobe was not significant (P = 0.38). However, there was a significant diagnosis by lobe interaction [F(9,189) = 2.07, P<0.05]. This means that annualized rates of lobar atrophy are not consistent across diagnostic groups. In this sample, 27.0% of the variance in annual lobar atrophy rates was associated with diagnosis (Eta squared = 0.270). Different dementia syndromes exhibited disparate rates of atrophy in various lobar regions. Differences were significant for FTD versus controls in the left frontal lobe and for FTD versus all other groups in the right frontal lobe. For SD, differences were significant versus controls in the right temporal lobe and versus all other groups in the left temporal lobe. Atrophy rates in AD patients were not significantly faster than the other groups in any brain region. Notably, atrophy rates in the frontal lobes of FTD patients and in the temporal lobes of SD patients were twice than seen in AD patients these regions.
RESULTS
Baseline Lobar Volumes Across Diagnoses
Changes in Lobar Volumes Over Time
DISCUSSION
Our analyses revealed greater annualized atrophy rates in the frontal lobes for FTD and in the temporal lobes for SD when compared with both age-matched controls and AD. These results are consistent with previous morphometric studies showing predominantly temporal changes over time in SD and frontal changes in FTD. 5, 6 These longitudinal changes are also consistent with cross-sectional studies showing that each dementia syndrome is associated with a specific pattern of abnormality in cerebral volume at clinical presentation. Similarly, rates of volume loss are disease-specific and are greater in the regions with the smallest volumes at baseline. Measurement of volume change over time in FTD and SD is likely to be most sensitive if the regions measured are chosen based on the clinical syndrome and the regions with the lowest volumes relative to controls at baseline.
Atrophy rates in both SD and FTD were twice than seen in AD, which is consistent with published data that FTD patients have a faster rate of ventricular expansion (brain atrophy) than AD patients. 14, 39 It is also consistent with clinical studies showing that rates of cognitive decline are about twice as fast in FTD as in AD. 40 This suggests that changes in brain volume may progress at a similar rate as do clinical changes, increasing the potential for volumetric measures to predict clinical decline and making them more attractive for clinical trials. Rates of atrophy over time may be useful for differential diagnosis, and could be used to monitor disease progression, serving as an outcome measure for clinical trials. The ability to reliably detect disease-specific cerebral atrophy rates by serial neuroimaging may result in the use of these measurements as biomarkers in the clinical assessment of dementia.
Volume loss was not significantly faster in the AD group in this study in any region compared with the other diagnostic groups. This may be because regional volumetric abnormalities are more variable in AD than in FTD or SD. In our study, patients were grouped together because of their common diagnosis of AD. All cases had typical, probable AD (presenting with memory complaints, no progressive aphasia, and no posterior cortical atrophy). Nevertheless, AD is not a homogeneous disease and often reflects individual variability in patients. Thus, a patient with AD and prominent language difficulty will have more rapid volume loss in the left hemisphere, whereas an AD patient with prominent visuospatial deficits may have more rapid volume loss in the right hemisphere. This would be a question for future studies. Also, AD does not progress as rapidly as other types of dementia, such as FTD, so annualized rates of atrophy were not as high. Furthermore, the AD patients in this sample are somewhat young, so this may have impacted the results. Lastly, we did not measure volumes in the hippocampus and entorhinal cortex. Because these are the regions most impacted by AD, volume loss should be fastest in these regions, and it is likely that atrophy in these regions would be significantly faster than in other groups. However, the rates of atrophy in AD patients in this study are similar to results found in other studies. [41] [42] [43] [44] [45] [46] One limitation to this study is the relatively small sample size; however, a within-subjects design was used and the sample size was comparable to other studies of this type. Also statistically significant differences were found indicating fairly large effect sizes. Another possible limitation is the fact that controls were significantly older than AD and FTD subjects. Nevertheless, age was controlled for in analyses to remove this possible confound. In addition, one might expect that the increased age in the controls would be associated with larger rates of atrophy, if it had any effect at all. More importantly, there were no significant differences in age between dementia groups.
Finally, this study examined longitudinal changes in lobar volume. Longitudinal changes in brain volume may not be linear in these diseases; therefore, volume loss observed over a specific time period may not necessarily be generalizable. In addition, although this gross parcellation of the brain is already enough to generate region-specific atrophy in different dementia subtypes, cross sectional studies and longitudinal morphometric studies have indicated that the greatest changes occur in sublobar regions. AD is associated with atrophy in the left parietal lobe and bilaterally in the posterior cingulate/precuneus. 9 FTD has significant regional gray matter tissue loss in the orbital frontal, insular, ventromedial, and anterior cingulate cortex. 6, 19, 47 SD has been found to affect both left and right anterior temporal lobes, but specific regional volume loss involves the ventromedial frontal and anterior insular regions as well. 20 Future studies should focus on these specific regions of interest to extend research in this area.
